N-Succinyldiaminopimelate aminotransferase from Mycobacterium tuberculosis (DAP-AT; DapC; Rv0858c) has been cloned, heterologously expressed in Escherichia coli, purified using standard chromatographic techniques and crystallized in two related crystal forms. Preliminary diffraction data analysis suggests the presence of a monomer in the asymmetric unit of the tetragonal crystal form and a dimer in the asymmetric unit of the orthorhombic crystal form.
Introduction
In the past few years, the enzymes of the lysine-biosynthetic pathway have drawn considerable attention as potential targets for new antibacterial drugs and herbicides (Hutton et al., 2003) . In both plants and bacteria, the lysine-biosynthetic pathway starts from l-aspartate and leads to l-lysine in nine enzymatically catalyzed steps. The sixth step in this pathway is carried out by the enzyme N-succinyldiamino pimelate aminotransferase (DAP-AT; DapC; EC 2.6.1.17), which transfers an amino group from l-glutamate to N-succinyl-2-l-amino-6-oxoheptanedioate (N-succinyl-2-l-amino-6-ketopimelate) in a PLPdependent reaction, yielding as products N-succinyl-l-2,6-diaminoheptanedioate (N-succinyl-diaminopimelate) and 2-oxoglutarate (Peterkofsky & Gilvarg, 1961) . The reaction proceeds via the formation of a Schiff base between the substrate and the cofactor of the enzyme, PLP.
DapC can be efficiently inhibited by hydrazino analogues of the reaction product (Cox et al., 1996) with inhibition constants in the nanomolar range, but the results from antimicrobial activity tests have so far been rather unimpressive (Cox et al., 1998) . The reason for this appears to be that the enzyme N-acetylornithine aminotransferase (NAcO-AT) is promiscuous and can also turn over the substrate of DAP-AT (Cox & Wang, 2001) .
DapC has been identified and characterized in some organisms, such as Escherichia coli (Peterkofsky & Gilvarg, 1961) , Bordetella pertussis (Fuchs et al., 2000) and Corynebacterium glutamicum (Hartmann et al., 2003) , but no three-dimensional structure of a DapC has been reported to date. As part of our efforts to structurally characterize all proteins involved in lysine biosynthesis in Mycobacterium tuberculosis, we report here the cloning of DapC (Rv0858c) from genomic DNA, heterologous overexpression of the protein in E. coli, purification to homogeneity and successful crystallization in two crystal forms.
Experimental methods

Cloning
The 1200 bp DNA fragment was amplified from genomic DNA of the bacterial strain H37Rv of M. tuberculosis. Oligonucleotides were purchased from Invitrogen with the following sequences: 5 0 -GG-GGCATATGGCTACGGTGTCGCGGCTGCGGCCGTATGCG-3 0 (forward) and 5 0 -GGGGCTCGAGACCTCGTGGTACACCGGTA-GCGGGTCGCTCGGCGAGCACG-3 0 (reverse). The forward primer contains a 5 0 -NdeI restriction site and the reverse primer a 3 0 -XhoI restriction site. In addition, the reverse primer was designed to include a thrombin cleavage site. In the forward primer the GCT triplet coding for Ala (bold) was introduced as the second codon to increase the efficiency of expression (Looman et al., 1987) . In the reverse primer a thrombin cleavage site (bold) was introduced. This target sequence was amplified by PCR, cloned into the pCR-BluntII-TOPO-vector (Invitrogen) and finally subcloned into the pET22b expression vector (Novagen), which adds a His 6 tag to the C-terminus of the expressed protein. The success of the cloning of the final Rv0858c construct in pET22b was confirmed by sequencing.
Expression and purification
E. coli BL21 Star (DE3) pRARE cells were used to express the recombinant protein. The cells were cultivated in LB broth medium at 310 K containing ampicillin (50 mg ml À1 ) and chloramphenicol (30 mg ml À1 ). Cells were grown to an OD 600 of approximately 0.6, induced by adding 250 mM isopropyl -d-thiogalactopyranoside (IPTG) and incubated for 16 h at 293 K and 220 rev min À1 . Harvested cells were resuspended in lysis buffer [20 mM Tris-HCl pH 8.0, 250 mM NaCl, 10 mM imidazole, 5%(v/v) glycerol, 3 mM -mercaptoethanol and Complete Mini EDTA-free Protease Inhibitor tablets (Roche)] and sonicated three times for 5 min using 0.4 s pulses at 277 K. This cell suspension was spun down and the lysate was filtered through a 0.45 mm membrane and then loaded onto Ni 2+ beads (Qiagen), which were pre-equilibrated with three column volumes of a buffer containing 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 10 mM imidazole and 3 mM -mercaptoethanol. The protein/ resin mixture was incubated for 1 h at 277 K by end-over-end rotation, followed by three different washing steps at room temperature. The first washing step used 15 column volumes of washing buffer (20 mM Tris-HCl pH 8.0, 250 mM NaCl, 10 mM imidazole and 3 mM -mercaptoethanol), followed by three column volumes of a high-salt wash (20 mM Tris-HCl pH 8.0, 800 mM NaCl, 10 mM imidazole and 3 mM -mercaptoethanol) and an imidazole wash of three column volumes of 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 50 mM imidazole and 3 mM -mercaptoethanol. Using a stepwise imidazole gradient of 150, 250 and 350 mM imidazole in the elution buffer (20 mM Tris-HCl pH 8.0, 250 mM NaCl and 3 mM -mercaptoethanol), the target protein together with its cofactor PLP was eluted within the imidazole wash as well as the 150 mM imidazole elution fractions. This was confirmed by SDS-PAGE and mass spectroscopy of the respective bands on the gel. All target protein-containing fractions were pooled and further purified by size-exclusion chromatography using a Superdex 200 16/60 (Amersham Pharmacia Biotech) column and gelfiltration buffer [20 mM Tris-HCl pH 8.0, 250 mM NaCl, 5%(v/v) glycerol and 5 mM DTT]. Peak fractions of the yellow-coloured protein were analyzed by SDS-PAGE, pooled and concentrated to 15 mg ml À1 . The oligomeric state and the monodispersity of the protein were then investigated by dynamic light scattering at a protein concentration of about 2 mg ml À1 .
Crystallization
The purified Rv0858c protein with the C-terminal His 6 tag still present was used for crystallization using the hanging-drop vapourdiffusion method. 2 ml protein solution (15 mg ml À1 ) and 2 ml reservoir solution were equilibrated against 500 ml reservoir solution in 24-well Linbro plates. Crystals were obtained in the presence of 20%(w/v) PEG 3350, Tris-HCl pH 8.5 and 200 mM MgCl 2 at room temperature within 2-3 d. They grew to maximum dimensions of about 600 Â 120 Â 100 mm and diffracted X-rays to around 1.9 Å resolution. A second crystal form was grown from very similar conditions: 24%(w/v) PEG 4000, Tris-HCl pH 8.0 and 200 mM MgCl 2 . These crystals grew to maximum dimensions of up to 800 Â 150 Â 150 mm at room temperature within 2-3 d and diffracted X-rays very anisotropically to about 3.0 Å resolution
Diffraction data collection and processing
Two crystals were used for data collection. They were mounted in a cryoloop, soaked quickly in 15%(v/v) MPD in reservoir solution and flash-cooled to 100 K in a nitrogen stream. Diffraction data sets were collected at beamline X13 at EMBL Hamburg, Germany using a MAR CCD detector. The data were indexed and integrated using DENZO (Otwinowski & Minor, 1997) and scaled using SCALE-PACK (Otwinowski & Minor, 1997) . The redundancy-independent merging R factor R r.i.m. as well as the precision-indicating merging R factor R p.i.m. (Weiss, 2001) were calculated using the program RMERGE (available from http://www.embl-hamburg.de/~msweiss/ projects/msw_qual.html or from MSW upon request). The relevant data-collection and processing parameters are given in Table 1 . Intensities were converted to structure-factor amplitudes using the program TRUNCATE (French & Wilson, 1978; Collaborative Computational Project, Number 4, 1994) . The optical resolution of the data set was calculated using the program SFCHECK (Vaguine et al., 1999) . Calculation of the self-rotation function was carried out using the program MOLREP (Collaborative Computational Project, Number 4, 1994) and structure-factor amplitudes to a maximum resolution of 4.0 Å .
Results and discussion
From the elution volume of the size-exclusion chromatography experiment as well as from the dynamic light-scattering experiment, the protein appeared to be monomeric in solution. This is to some extent in contrast to what might have been expected for a member of the class I PLP-dependent enzymes , which typically occur as homodimers. However, it is possible that at the low protein concentrations during the chromatography and the DLS experiment monomers are the preferred species.
Two different crystal forms were obtained under two very similar crystallization conditions. The most significant difference between the two conditions is the difference in pH of half a pH unit. The first modification grew in clusters (Fig. 1a) , which had to be broken apart for data collection. The second modification (Fig. 1b) grow as a single crystal, but a diffraction experiment confirmed the presence of multiple lattices. Both crystal forms exhibited a distinct yellow colour, which is probably the result of PLP being present in the crystallized material. PLP was not added to the crystallization experiments and must have copurified with the protein.
For data collection on a crystal of form 1, a needle was broken off from a cluster. Although the needle looked like a single crystal, the diffraction pattern exhibited the presence of many lattices in similar orientations. Nevertheless, since the diffraction limit extended to beyond 2.0 Å , a complete data set was then collected. Despite the presence of many lattices, it was possible to process the data by selecting a single lattice. The resulting statistics are shown in Table 1 . The quality of the data set is not outstanding, as indicated by the relatively high merging R factor, which is certainly a consequence of the multiple lattices present. The data could be reduced in an orthorhombic space group and the systematic extinctions along the longest axis identified the space group as P222 1 . Taken together, the unit-cell parameters and the molecular weight of a monomer of Rv0858c of 42 210 Da suggest the presence of two molecules per asymmetric unit. The corresponding Matthews parameter V M (Matthews, 1968 ) is 2.24 Å 3 Da À1 and the solvent content is 45%. The presence of two molecules per asymmetric unit could be confirmed by examining the peaks present in the self-rotation function (Fig. 2) . From this, it appears that one homodimer of the protein is present in the asymmetric unit of the orthorhombic crystal arranged in a pseudo-tetragonal packing. This would be consistent with the notion that the biologically active form of most PLP-dependent enzymes is a homodimer, but it is in contrast to the findings that in solution Rv0858c appears to be a monomer.
A single crystal of form 2 was also used for data collection. As in the case of form 1, the diffraction pattern exhibited the presence of many lattices, despite the fact that the crystal appeared to be a single crystal. Although the diffraction did not extend as far as for form 1, a complete data set was collected to 3.2 Å resolution. The data could be reduced in the tetragonal space groups P4 1 22 or P4 3 22, with unit-cell parameters very similar to those found for the orthorhombic crystal form 1 (Table 1) . Consequently, in this crystal form there is room for only one monomer per asymmetric unit (V M = 2.30 Å 3 Da À1 ; solvent content 47%).
The similar unit-cell parameters of the two crystal forms and the self-rotation function of the orthorhombic form suggest that the packing of the molecules in the two space groups is related. This is consistent with the fact that the space groups P4 1 22 and P4 3 22 constitute the minimal non-isomorphic supergroups of space group P222 1 (Hahn, 2002) .
The detailed appearance of Rv0858c in both crystal forms will be revealed by the determination of its three-dimensional structure, which is currently in progress.
Conclusion
The protein Rv0858c from M. tuberculosis has been cloned, heterologously expressed in E. coli and purified to homogeneity. Crystals were grown in two related orthorhombic and tetragonal crystal forms, both of which exhibit a pale yellow colour, indicating the presence of PLP in the crystal. 
Figure 2
Self-rotation function, = 180 section, based on data collected from an orthorhombic crystal of Rv0858c. The pseudo-tetragonal packing of the molecules in this crystal form is apparent from the location of the additional twofold axes in between the crystallographic axes in this section. In addition, the self-rotation function exhibits a large peak along the c direction on the = 90 section (not shown). The figure was produced using the program MOLREP (Collaborative Computational Project, Number 4, 1994).
